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AL5 tract 

Uunchcd &sarris of 100 end 150 GcV have been stored in the FenniIab bIdin 

Ring for periods of up to one iwur. The observations of bwrl current snd 

bcaul profiles arc analyze6 Fur the effects of yas scattcriny, cirromaticity 

md non-lincu wylutic 1'icld. 

Talk given ;It the 1Jorkshop on Accelerator Orbit and Tmcking Propus, i’idy 

3-6, 1982, at Brookhaven National Lilboratory, Uptoti, Long Islsnd, NY. 
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The first studies of beam life time in tih? lvlain King directed toward 

colliding bcaru application were carried out in lsIl6 and 1577'. The work us 

to Decemucr 1976 was reported at the 1977 Particle Acccl crater ConFeron&. 

There arc scvcral axccllerit articles in the Proceedings of the lg77 

Fermilab Summer Stutiy' un 'the work up to August 1977. l32ginning in 1978 

the character of the sturiios cnangcd somewhat as the idea of p-p collisions 

between beams in idain Rl'ng and the Energy Doublcr/Savcr was dropped in 

favor of p-b operation in the ED/S4. Tnus, such consideration as doveloping 

a low-6 insertion arrd measuring backgrounds in tfrc proposcu collision 

straight section were dro;lpcd; attention was focused on the basic Problems 

of long terra storage and ,technical studies of the beam manipulations 

required for j5 production and i? acceleration. In this talk I will 

concentrate on mcasurcments taken in early 13(10 which provide a good basis 

for a discussion of the dynamic apcrturc of the Main King, chromaticity 

effects, effects of hiyh o&r resonances, and non-linear coup1 ing5. 

In Fig. 1 one sees J. typical beam survival curve taken during a 1Ocl 

LCV store. The qualitative explanation for this btihavior is 

straiyirtforward. There is a very slow loss during tile early part of the 

store from nuclear scattering anti an exponential loss during the late part 

of the s'torc as the diffusion begins to bring a significtint fraction of the 

beam out to amplitudes for which the betatron oscillation is unstable. One 

of the questions we will want to atidress is w:lcthcr the source of that 

diffusion is also scattering, i.e., multiple coulomb scattering, or 

involves some other mechanism such as multiple crossing of non-linear 

resonances as well. To that end we conlpare the data to a basic model which 

incorporates .thc effects of y;ls scattering only. In this model, then, we 
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will cxpcct a slow early loss dependent on pressure, dependent on 

composition of the rcsiJuJ1 gas (sA m), but independent of beam energy. 

We also expect an cxporrcntial loss late in the store Mth a tiine constant 

depcndcnt on yrcssurc, depcndcnt on yas coiliposi~tion (ZF), and a llioliientuin 

rlcqcndence of pM2. Another conscqucncc of multiple cou10111b scclttcring is a 

growth of the rills be;lni width proportional to t112. liiffusion due to the 

prcscncc of high order rosoilances on the other iunci should be VWy 

scnsitiv~ to the choice of opera ti ncJ point (vx, vy). 

The early loss is then ass~uaud to be the result of nuclear collisions 

1 cading to a ~10:~ cxponcnti al loss of beam current 

where 

(1) 

(2) 

In these equations t is the tirrlc in seconds, fit is the proton velocity, pi 

is density at standard tcvr$craturc and pressure of the - th i component which 

has a partial prussurc Pi. The coalposition of the gas is not really well 

known. Ue USC in the niodcl a coniposition similar to that rircasurcd in 

regions of good vacuulli and tyPica of what can be expected from an unbaked 

stainless steel vacuum chamber, viz., 4U% H2, 40% CO, and 203 t120. For this 
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CoIiqoSitiorl A=43OP wlrerc P is the absolute pressure in Torr. Pressures arc 

measured in the ring by rcaling back the ion pump currents. Thtirefore to 

~'stablish the true pressure one must correct for conductance ~ctwecn pudps 

(a factor sl.fij, gas composition, and pump lcakagc current. In 

consequence, the tiverdge gas prcssurc is not a kdc'll mcrlsurcd quantity and 

the value is infcrrcd by combining a number of observations including the 

beam loss rate into 4 self-consistent set. 

One can Find from the diffusion equation in the four dimmsioml 

transverse phase space an expression for the beam current as a function of 

tirne6. In this expression, the correction for the loss arisirlg 1,rolri single 

scattcriny has also been included: 

x(t) gt = F(y) = - F e-yx&J,(x,,,j 
I, Ill= 1 

i3j 

and xm is the mtis zero of the 13essel function J1(xj, aa is the rms width of 

an initial c;aussian Scam distribution, a is the critical bctatron asplituCc 

or "dynamic aperture", U is the diffusion constant in m/s, and B is the 

sversgc Courant-Snyder bata. Although the precise coefficients in the 
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set-1 cs of cqn. 3 do depend on t;hc cimicc of initial tiistribution, the 

asymptotic dccsy cons tent is the saw for dll uistributioiis and the 

assylrrptotic solution kcorncs established rather promptly because the x 1 is 

substantially srnal lcr than the higher cigenvalues. Thcrcforc, the time 

constant for the late loss is 

T-1 = xi u3/a2. 

If the source of the diffusion is wltiplc coulomb scatterir~g only, 

diffusion constant is 

D= iIJ/4) i WpB I2 c/x0 

(5) 

UK! 

(6) 

where 9 is the proton wo~~~entur~~, c is the velocity of liyht, and thr? 8 in 

tire denominator Ss the relativistic velocity factor v/c. The yuantity xo 

is the radiation length in mctcrs for the residual gas 



Either from the solution of the diffusion equation or directly by 

averatjiny small random kicks over many bean turns one finds linear growth 

of the spatial sccord mmnts of til? bcaro distribution 

u2(t) = a?/4 G(y) = - .& c ( xrri-~/x,,l ) @Q12J 

In XlllJo(XIIl) 

+ 2a2y = ao2 + ZB Dt 
w 

Thus, f row the yroN,h of the beam width one can infer 'tile diffusion at 

early time t so lony as ao<<a, i.e. so long as intcnsi ty 1 oss is 

insiynificant. Equation 5 allows one 3 to infer the diffusion constant fro51 

tire long tirnc bcairr loss; the two evaluations are inJepen&nt At both based 

on the LdlCS diffusion model. 

In Fig. 2 are plotted the second moments determined 3~ fitting ths 

vertical and horizontal profiles with a gaussiarr at various times in a 100 

GcV store from cclrly 198U. These profiles, taken bj collectiny electrons 

produced in the ionization of the residual gas, are statistically inferior 

to Jata of a similar kind gathered during earlier studies siinply because of 

iqmvcd accelerator vacuum. Despite the spread of data points, both 

profi’lcs indicate a convincing linear time dependence. Note, however, that 

the slopes aro not the same. This can be understood as a consequence of 

longitudinal diffusion because the profile monitor is in r;l region with 

tli spersion n=2m. It is known that the main ring transvzrsc emittances are 

approximately equal so that in the expression for the horizontal beam width 



including dispersion we can rcproscnt the bctatron amplitude contribution 

:;rittr the rneasurcd vertical beam sprcad7. 

UX2 
= (p)* + 5, 2 

6 by Y (9) 

where both ruorncntuiu and bctatron a~c~pli~tude distributions arc asswucd to be 

gaussian. Thus, 

(2)2 = upit12 
BX 

P 
= f Lax2it)- py2w. 

Y 
ilO) 

The data in Fig. 2 give crp(~)s.~10-3 and up(1000)s10’3, rrumbers which arc 

consistent with bunch wi cl-th masurmonts t&en during the studies. 

Table I summarizes the observations on 10 stores mdc in Jdnuacy 1980, 

including tight at 100 GcV and two at 150 GcV. The tablc includes Inwsurcd 

dvmqc pressure infcrrcd uy correcting the val us rneasurcbl at tilt iorl gu~nps 

ivy a calculated ctwober conductance correction factor of 1.5 anti the three 

independent delxminations trade frw the d4td XCO?dirlg to cqn. 2 for 

nuclear scattering and accorcl'ing to cqs. 5 and E for 1nultiP1c coulomb 

scattering. Cccausc each of these detcminations has its own scaling in 

such quantities as average atomic number, averago atobric weight, 0iom2ntulr(, 

etc., incousistcncies of the four numbers ~nay be interpreted as a measure 

the of the diffusion not driveri by multiple scattering. Unfortunately, 



beCaUSc of uncertainties ari siug front iicipreciscly known p3rwetcrs like yds 

pressure and composition, tiX Grcssure mm3ws kiust Lc used JS well to 

evaluatc the c0nsisLcnc.j of the basic model. The data in TaSlc; I arc not 

sufficient i n tllenlscl vcs Lo rnakc these siniultaneous dstcnainati 016 

convincingly. Ilathcr the tabulated datd, which are drawl only ‘from Ref. 5, 

Srt? d good sdinylc to illustrdtc assertions most of wiiicii can 3c Justificb 

only by drawing as well upon a larger i.ulj of data which are reported in 

the other rcfercncas. 7’hcy arc it special ssinplc in that tlicy i11clud12 the 

stores with the longest survival times. We conc'lude in this broddcr 

context that the agreement of the pressure detcrminatior6 is rcsson&lc, 

cspccially if we choose to attribute the consistently iii giur v~lucs 

obtained from ay2(t) to plausible dcficicncics of the ion Scam scanner 

profile monitor. 

Table I records two iO0 CcV stores (No. 4d5 of l/3/130) vwde witli the 

bciiin stored significantly off the central closed orbit. The 100 GcV 

chroaaticity was corrcc ted rdther well as shown in Fig. 3. The dynamic 

aperture inferred from cqs. 3&U is smaller for these tilan for tiic other iU 

GcV stores al tilOu$r certainly not drastically so. ;iorc cvi u!llcc f J'Ollr 

earlier studies on the effects of ciwomaticity correction is give in Fig. 4 

and Table II. Figure Lc shows &cam half life plotted drjJirlst the Ay/p 

offset of the orbits. Tilt curve joins Qoi nts taken with the iiorizontal 

chroiudtici ty corrcctcQ ds shoxn in Fig. 5 Sut vertical chromaticity nearly 

at ,its uncorrected vdluc*. The points plotted with triarrglcs apply to 

lifetime with tile chromaticity correcting scxtupoles turned off but witi) 

the tunes sot to the same values applying for the measurements with 

corrected cilromati city. Table II shows a comparison of lifetimes for 
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relative height of the loss peaks one cdn say in general tildt the fifth 

order resonances can reduce the beam lifetime by one to two orders of 

magnitude. The cxpcrimcnt wds not made in fine Cnougi? steps nor the actual 

crossing of ,thc resonance sufficiently carefully cxecutsd to justify 

quantitative conclusion s about ,the relative strengti-i of the lines. 

It is conventional ~risdom tiiat, in the abscncc of tune sweeping, the 

beam can sit on a resonance of fiftli or hi ghcr order without loss. Thus, 

WC attributo tba loss to diffusion driven SJ rwlti plc crossing, an 

intcrprctation rou#ly consistent with the claiared tune sprccld AW.OOS full 

width anil the valleys bctwecn loss peaks. Altirou$r the peaks Jo seem on 

the broad side, some loss is probably attributable to sowxi~at less stable 

conditions obtained during the actudl tune change. That is, SOW sudden as 

well as gradual losses were noted during the tune changes. 

Kesonanccs lowor than 5th order are a qualitatively Jiffcrent cast. 

Store No. G on l/3/80 24as intentionally set very near a fourth order 

vertical rcsonancc by taking w =19.245. i&sides the markedly shorter i>e~ Y 
survival one can see from the profile growth rates plotted in Fiy. 11 that 

.ti?e linear growth in second moalcnts a2 expected froru the diffusion mod21 is 

not observed even though ttre beam survival curve has a typical fonli. Tiie 

results of applying the diffusion model andlysis to this fourtii order 

resonance case is indicated by the figures in parentheses in Table I. The 

inappropriate r~iodcl giv ~1s an absurd result that dynamic apcrturc is, if 

anything, a little larger but the pressure has increased by a factor of A. 

H byproduct of the studies described above is an indication of the 

order of zeroth lwtnonic non-linear fields in the main ring arising from 

observations of the horizontal-vcrticdl coupling as a function of momentum 
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offset from the central orbit noticed during chroniat’icity rmurcnmtslo. 

The chromaticity WJS measured oy recording the hori zmtal dni; vertical 

tunes of coWrent osciilations excited about various off mlncntuin orbits. 

It was noticed that when the tunes cam close together ihcy did not vu/ 

smoothly with morwUni and that tile fast fouricr tr;rnsfurm of Lilt? position 

detector signal used to evaluate the tunes would show two lines appearing 

with comparable strength in both rddial and vertical planes of oscillation 

rcgardlcss of the plane of the exciting kick. An example of the position 

dctcctor data ml its 256 point fast transform is given in Fiy. 11 showing 

very strong couyliny between radial and vertical oscillations. It was also 

noted that the effect wds stronger for off-momentum orbits toward the 

outside of the vacuum char&r. 

The strength of the coupling wds cxpl orcd in a systciiwtic way by 

measuring the horizontal and vertical tunes while dunging thd quadrupote 

currents in such a manner that the horizontal tune shoulu rcmai n constant. 

Starting from well separated tunes, the vertical tune was swc$t toeard and 

through the horizontal tune value. Examples of such data applying to 

different momentum values are given in Fiys. 12 and 13. As Ltu two tunes 

approach sac;] other, the results of the FFT of position detector signals 

lmornes like that shown in Fig. II and it becomes impossible to say what ‘is 

vertical and what is horizontal tune. As the tune sweep is continued the 

normal modes return to the uncoupled radial and vcrticJ1 modes. The value 

6v12 giving tlic miniawni value of separation for the nornial mode tunes is a 

direct measure of the strength of the coup1 ing. Althou$ the linear 

coupling coefficient 3 's a complex quantity its modulus is simply 



IKI = + %2 

12 

(11) 

Fig. 14 gives the result of plotting this quantity against &p/v of the 

closed orbit including a cheek point taken at 150 GeV and one taken a year 

later than the rest of the 100 LeV data. The coupling is ln;lni fcstly 

non-linear. Its greater strc'ngth toward the outsidc of the VJCUUIib chmbcr 

is likely related to tire same cause as the assyminetry of the &~l lifotimc 

with respect to momentum displ accment shown, for exai~iple, in Fig. 4. It is 

also part of the machine operators' folklore that ‘tile lIlain ring "runs 

bcttW with the bcm toward the inside. This non-linearity results from 

the lattice as a whole and not, for example, from extraction dcviccs 

because the results an be closely reproduced with these devices off and 

well rwoved from tne beam. 

If WC preterid .that tire betatron amplitudes induced to lrloasure the 

tunes are infitesimal compared to the radial offset bctwesn the sevorai 

off-momentum orbits, we can squeeze some crude estimates of zeroth ;larmonic 

rrru’l tipole strength from these observations. Converting ,the ~p/j~ offset 

into an ilverdgc radial offset 

EE navg APIP 

one cdn fit \Kl vs 31 as 

(12) 



IKI = .0075 + 4.303 + 2.32~10~ X2 

13 

(13) 

The ‘I i near cou;>l ing i s the constant term in this expression wilich iUS &out 

the value of s.006 according to carlicr analysis of hi@ ficlti coupling at 

Ap/pzO* ’ . Iynoring the imaginary part of K one cdn nri tc 

K = Rc (K} (14) 

The multipo’lcs contributing the linear and quadratic terms arc rcspcctiwly 

tic skew scxtupo~l c for whicii 

13 y =:sxy XY 

and the normal octupole for which 

oy = t 0, iY3 - 3x2y) 

(15) 

(16) 

The fit using just ‘these terms is not very good because there appears to be 

a hiyirer curvature for SO, i .c., something 1 ike SkebJ Jecapol c which would 



yive a curvature odd with rcspcct to X=0, but the qudl ity of Lilt data 

scarcely supports such refi ncd analys'r's. Using ;jtist tile three term frurll 

cqn. 13 one calculates 

a3u 
I$ &yds = 5.7~10~ niB3 

(17) 

(la) 

(13) 

One certainly should not take these nun&rs very seriously, but tire vc~luu 

in eqn. 17 is about the value reported after some effort had been m&z to 

elirainatc it by rol liner sclectcd quadrupoles'2. The values in 16 JIIJ 13 dre 

in order of mgnitude sgreccnent with measured properties of so;~le min rind 

niagncts and observe6 Landau daolping tirncs for coherent betatroh 

oscillations. 
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Figure Captions 

Figure 1. Beam Intensiy vs. Time For 100 GeV Beam Stored st; Ap/p=-0.25% 
Off Central Orbit. 

Figure 2. Horizontal snd'VerUca1 Beam Profile Second Moments During 
100 GeV Storacje. 
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Figure 3. &in King Tunes vs. i~~0JncntUr~~ at 100 GCV (1980). 

Figure 4. Deam Halflife vs. iYiomentum Offset of icntral Orbit (1973). 

Figure 5. Main Kin3 Tunes vs. Momentum at 1Ul GeV (197!j). 

Figure 6. Main Ring Tunes vs. Momentum at 150 GcV. 

Figure 7. iwin itin3 O+crdting Point for DCU Storage. 

figure 8. lkam Intensity vs. Time During Vertical Tune Sweep. 

Figure 9. Loss Rate During Vertical Tune Sweep. 

Figure 10. 100 GeV Dean1 Profile Second Moments Near Quarter Integer 
Vertical Resonance. 

Figure 11. Horizontal and Vertical Position Detector Signals and Their 
FFT Following J Horizontal Kick. 

Figure 12. Tunes vs. NOil\inal Cilanga 6vy in Vertical Tune at Ap/p=-.4%. 

Figure 13. Tunes vs. Nominal Change 6vy in Vertical Tune dt Ap/p=+.25%. 

Figure 14. MoJulus of the Vertical-Horizontal Coupling Coefficient vs. 
APIP. 
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